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2 (GENERAWATERSHEBETTING

Lake Memphremagog is an international waterbody with over 73% of its surface area in Quebec, while
27% is in VermontWhile the Vermonportion of the Lake does not eet the Vermont Water quality
standard for the lake of 14 ugte Quebec portions diake Memphremagog meapplicable

phosphorus guidelinefor the Province. Nonetheleghrough the Quebec Vermont Steering Committee
on Lake Memphremagog, collaborativiécgts have supported modeling and efforts to reduce
phosphorudoading in both Vermont and Quebeandan international agreement on the

implementation of thisTotal Maximum Daily Load DL is being contemplated.

While most of the lake surface arearnisQuebecmostthe lake@watershed lies in Vermont (71%)
(Figurel). The Vermont portion of the watershed covers most oe@mk County including the three
major lake tributary rivers: BladRiver BartonRiver ClydeRiverin
addition to the smaller Jms River. Smaller shoreline areas drain dire
to the lake including Newport City affdwn and theTown of Derby.

TheLake Memphremagogatershed includes a high density of :
upland lakes including many in the Clyde River watershed. These
play an imjprtant role in the watershed by settling out a large J-
amount of phosphorus from upland sources. Larpelyause of
this attenuation, loading on a per acre basis from the Clyde Ri
is much lower than that for the Barton and Johns Rivers. The &

Black Rivehas the highest loading due t Land Use
more intensive agricultural land usend B vt
. ater
fewer areas ophosphorusattenuation
- Developed Land
Table 1 identifies the approximate land B it Roags
use breakdown within the Vermont B orest
portion of the lake watershed B F:vec Roaos
Tablel. Land use in Vermont portio I Farmstead
of Lake Memphremagog watershec Hay or Pasture
Land use Percent of Wetland
Vermont Annual Crop
watershed
Developed 5%
Agricultural 17%
Forestshrub 70%
Water/wetland 8%

2
Miles

Figurel. Land use in the Lake Memphremageoafershed
showing town (white) and major watershed boundaries (blac



3 IMPAIRMENT QWATEFQUALITYSTANDARDS

Water Quality Standards (WQS) are the foundation for a wide range of programs undgetreWater

Act CWA. They serve multiple purposes including establishing the water quality goals for a specific
waterbody, or portion thereof, and providing the regulatory basis for establishing water gbakgd
effluent limits beyond the technologlyased levels of treatent required by CWA Sections 301(b) and
306. The water quality criteria within WQS serve as targets or endpoints for CWA restoration activities
such as TMDLs.

Water quality criteria define the chemical, physical and biological conditions which are needed to
support and protect designated uses of surface waters. Most water quality criteria are numeric
expressions. Numeric criteria specify measurable levelsmitpkar chemicals or conditions allowable in
a water body. When pollutants cannot be precisely measured, narrative criteria are used to express a
parameter in a qualitative form.

Based on the Vermont Water Quality Standards (VT WQ@RE Memphremagag aClass B) water
with designated usethat include

9 Aquatic bioa

Aquatic habitat

Swimming and other primary contact recreation
Boating and related recreational uses

Fishing and related recreational uses

Aesthetics

= =2 =4 A A4 -2

Public water surce

9 Irrigation ofcrops and other agricultural uses

The pollutant of concern for taTMDL is phosphorus because it is causing or contributing to excessive
algal biomass in the lakéhusimpairing the swimming and aesthetic usesomtoring data indicate
phosphorus leval are elevated above established phosphorus critieidhe LakeMemphremagogs
indicatedin Sectior29A-302(2)(0O of the 2017VT WQ%nd as noted in Tabbelow.

Table2. Vermont Phosphorus Criteria for Lake Mémgmagogand South Bay

Lake Segment Total Phosphorus Criteriorugy/1)*
Waterbody ID
Lake Memphremagog 14
VT1701L01
South Bay VT1701L02 25

*The Vermont Water Quality Standards specify that these criteria shall be achieved as the annual mean total phosphorus
concentration in the photosynthat depth (euphotic) zone in cea, open water areas dfake Memphremagog and South Bay



As noted inTable2, the VTWQS identify separate numeric phosphorus targetgtiervermont portions
of Lake Memphremagogndfor Sauth Bay Prior to 2008both lake segments wereonsidered in
exceedance of the criteai Based on analysisndertaken in response to watershed project
implementation effortsat that time, data indicated that the South Baghievedcompliance with the VT
WQS andthat segmentwas delisted during the 2008 303(d) listing cycle.

To assess attainment of annual mean total phosphorus criteria for Lake Memphrewfabbalg/l the
Vermont Department of Environmental ConservatidTDELuses the total phosphorus concentrations
obtained through thd.ay Monitoring ProgramA segment is determined to be in non
attainment/impaired when the annual mean total phosphorus concentrations in the euphotic zone in
the lake segment consistently exathe applicable total phosphorus concentration criteriorsaction
29A302(2)(G of the VT WQS/IDEC, 204). Figure2 shows the annual mean concentrations fake
Memphremagogn Vermontbased on Lay Monitoring Program daised to measure overall tal
phosphorus concentration compliance foake Memphremagag
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Figure2. Average annual total phosphorasncentrations iLake Memphremagobased on Lay
Monitoring Program data.

TKS 9YGANRBYYSY (It t NBuaSasiokithplemendng CUDRsecEon 803(t) laré
codified in the Water Quality Planning and Management Regulations at 40 CFR Part 130. The law
requires that states establish priority rankings and develop Total Maximum Daily Loads (TMDLSs) for
waters on he lists of impaired waters (40 CFR 130Lke Memphremagogemains on the803(d) List

of Impaired Waters and igentified as a high priority for TMDL development.

A TMDL specifies the maximum amount of a pollutant that a waterbody can receive anbstil

applicable WQS. A mathematical definition of a TMDL is written as the sum of the individual wasteload
allocations (WLAs) for point sources, the load allocation (LAs) for nonpoint sources and natural
background, and a margin of safety (MOS)[CWA 30B()]:



¢a5[ I 12[! b 1[! b ah{
Where:

1 WLA = wasteload allocation, or the portion of the TMDL allocated to existing and/or future point
sources.

1 LA =load allocation, or the portion of the TMDL attributed to existing and/or future nonpoint
sources and rtaral background.

1 MOS = margin of safety, or the portion of the TMDL that accounts for any lack of knowledge
concerning the relationship between effluent limitations and water quality, such as uncertainty
about the relationship between pollutant loads areteiving water quality, which can be
provided implicitlyas has been done for this TMDLbgrapplying conservative analytical
assumptions or explicitly by reserving a portion of loading capacity.

The following sections of this report document the necegsaeps in determining a Total Maximum
Daily Load including:

1 aracterizing the impaired waterbody and its watershed;

1 Identifying and inventorying the relevant pollutant source sectors;

1 Applying the appropriate WQS

1 Calculating the loading capacity using appropriate modeling analyses to link pollutant loads
to water quality; and

1 Identifying the required source allocations.

4 SDOURCES GHOSPHORUSADING TOBAKEMEMPHREMAGOG

There are a wide variety of both nonpoint apdint sources that contribute phosphorus to Lake
Memphremagog. These have been estimated through a land use based phosphorus export model
developed and calibrated based on direct phosphorus load estimates from tributaries by the Vermont
Department of Envonmental Conservation in consultation with partners in Quebec. This is described in
Chapter 5 of the TMDL and in greater detail in a Lake Memphremagog TMDL modeling documentation
report VTDEQO017.)

The total estimated loading to Lake Memphremagogfrall sources from the 2062012 timeframe

based on the model wakb1,314poundsper year of whicii16,126 poundsvere estimated to come

from the Vermont portion of the watershed argb,118 pound$rom the Quebec portion of the

watershed. An estimate,082 pounds per yeaof the loading from the Halls Creak and Johns River
watershedghat flow into the Vermont Lake segmeobme from lands in Quebec while none of
VermonQ&atershedareasdrain directly to the Quebec portion of the lake. Wastewater treaiin

facility (WWTF)sources in Vermont and Quebec account for 1% of the total loading to the lake over the
sameperiod. The remaining 99% of the loading comes from agriculture, develbmex$t, shrub,

wetland, water as well as stream channel erodibat make up the non WWTF load as showifable 3

and Figure 4.



Table3. Annual phosphorus loads fioundsduring the 20022012 base period witlbading from the
Quebeavatershedshown in red

Wastewater Developed @ Forest/ Stream Agriculture Total VT Total Total
Wetland/ Channel Quebec
Water Eosion
VT Lake 1,427 (0) 23,790(538) 14,166(161) 23758(0) 52986(382 116,126 1,082 117,28
Quebec Lake 132 14,387 7,589 0 11,998 0 34106 34,106
Total lake 1,559 38,715 21,917 23,758 65,365 116126 35189 151314
The largest source of phosphorus VERMONT WATERSHED PHOSPHORUS LOADING
from the Vermont watershed is Forest/ Shrub Developed
from the agricultural sectqr Water/ Wetland ~ 9-4% 8.6%  DirtRd.

estimated at 46% of the loading 2.8% 8.2%

to Lake Memphremagqg

followed by loading from Stream
developed land at 22%, stream 20.5%
channel erosion at 21% and

finally forest and water/wetland

at 12%. Modeling for the Lake
Memphremagog TMDL further Crop Pasture
breaks down loading across 0% >7%
severalland uses for each of
these major land use sectors as
shown inTable4 and Figure3.

For developed lands the largest Figure3. Modeled phosphorus loading to Lake Memphremagog from th
sources of loading are Vermont portions of the watershed

buildings/parking lots/lawn areas

(developed in the pie chart) &%as well as dirt roads with loading of 8%ih leser amounts of loading

from paved roads, septic and WWTF loading. For agricultural,lediéng is most significant from hay

land due to the large percentage of the watersheminprised bythese lands, 11% of the watershed in
Vermont, resultingn an estimated loading of 19%his idollowed by cropland, agricultural production

areas and pasture land#\s noted above there is a loading of 21% from stream channel erosion, and
12%from forest/wetland/water due to the large percentage of the wateesl these land uses make up

at 78% of the watershed in Vermont.

Developed . WWTE
1.2%

Agricultural

Table4. Landuse area and estimated Idang to Lake Memphreagog for the Vermont watershed

Area Loading to Lake

kmy? Percentage kg Percentage
Developed Total 68.5 5.4% 11438 21.7%
-Developed 51.7 4.1% 4427 8.4%
-Road Paved 6.5 0.5% 620 1.2%
-Dirt road 9.7 0.8% 4312 8.2%
-Barren land 0.5 0.0% 107 0.2%



-WWTF

-Septic

Agricultural total 216.6
-Cropland 24.4
-Hay 144.3
-Pasture 44.0
-Farmstead 3.9
Othertotal 981.6
-Wetland 31.1
-Forest 854.9
-Shrub 27.0
-Water 68.7
Streamchannel

erosion

TOTAL 1266.6

The phosphorus land use export model also allows estimates of loading from each lafat eaeh

major tributary across the basin as shown in Figyrendfor the 300+ subwatershedssed in the

model. There are some significant differences in the estimated loddingdifferent land uses and

source areas between the major tributaries. The direct drainage to Lake Memphremagog and the Clyde
Rver have the highest loading frodeveloped land uses and WWTF a¥#dnd 37% respectively, with

nearly 8% of loading to the Cly&#vercoming from WWTF. The Black and Barton rivers have the

highest contributions from stream channel erosion at over 25% while the Johns river has th&t highe
proportion of loading from agriculture at 65% of the phosphorus loading from this waterdfigdre 5

gives themodeledphosphorus loadinfrom land usego the Lake Memphremagogcross the Vermont

17.1%
1.9%
11.4%
3.5%
0.3%
77.5%
2.5%
67.5%
2.1%
5.4%

647
1325
24034
7398
9834
3001
3801
6426
1072
4546
391
417
10776

52674

portion of theLake Memphremagogatershed.

1.2%
2.5%
45.6%
14.0%
18.7%
5.7%
7.2%
12.2%
2.0%
8.6%
0.7%
0.8%
20.5%



CLYDE RIVER BLACK RIVER

Developed
Forest/ Shrub Developed Forestf Shrub P .
12.7% 12.3% Water/ Wetland s 54% DirtRd. paved Rd.
Water/ Wetland = 3.1% _0.5%

Stream™0% ",

1.7%

Agpru_d. o Stream Hay
8.6% 15.2% 16.7%

Crop Agricultural Apricultural

10.1%
Pasture
6.0%

Pasture
5.1%

—

BARTON RIVER — JOHNS RIVER vt Seveloped

Water/ Wetland FmE:tf hmh 85% pitRd Water/ Wetland 7,53 9,7% Dirt Rd.
i 20 . ;
4%

1.9% 8.0% payed Rd.

Streal}l'gg_‘. Paved Rd.
5.0% 2.5%

Stream .
25.9%

Agricultuﬁl

Agricultural

Crop Pasture

10.5% 5.8% Pasture

7.1%

Forest/ shrub VT DIRECT DRAINAGE Forest/ Shrub QUEBEC
8.0% Developed Dirt Rd. 15.5% Developed
Water/ Wetland 19.8% _7.2% 20.1%

11.5% Water/ Wetland

Paved
Rd. .

Agricultural 3.3% Agricultural

Pasture Diirt Rd.
2.5% Hay 14.5%

12.8%

Pasture
7.7%

Hay

..\\’5-296

Paved Rd.
1.8%

0.4%

Figue 4. Proportion of mdeled phosphorus loading to Lake Memphremalgpéand usefrom the four major Vermont
tributariesandthe Vermont direct watershed and the Quebec watershed.
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stream channeérosionor WWTF loading.



5 ESTABLISHIN®ADINCGAPACITIES

5.1 MODELINMETHODS
The establishment of phosphorus loading capacities is a fundamental part of the TMDL process because
they identify the amount of phosphorus that Lake Memphremagag receive and still meet the

applicable phosphorus criteria. The loading allocatfoms point and nonpoint sources must be set so

as not to exceed the loading capacities Lake MemphremagogLoading capacities are typically

derived by using wategquality models that establish a relationship between the amount of the pollutant

(in this case phosphorus) entering the lake and the pollutant concentrations in each segment. The
relationship between loading to the South Bay dratke Memphremagognd conentrationsin Lake
Memphremagods more complex than this because the lake modediogpunts fora large degree of
phosphorus retentionn South Bayload reductions achieved in thigatershed
therefore have less impact ohake Memphremagogoncentrationghan Magog
reductions in loading directly tbake MemphremagogThe modeling approach
described in the following sections allows for consideration of a variety of
combinations of load reduction scenariasrneet theVermontcriteriafor Lake
Memphremagog

5.1.1 Inlake Model Development

The modeling approach used for this TMDL was basetsteadystate mass
balance equation for a segmented lafggure6) parameterized similarly to the
modelused in the development of the Lake Champlain TMDL as described in the
diagnostic feasibility study (VTDEANYDEQ997) and adopted by the 2016
Lake Champlain TMREPA 2016)TheLakeMemphremagog adaptation of the

Fitch Bay
~
model was developed byTDE@ consultation with partners in Quebgand is P g
described in detaih the modelig documentation for the Lake Memphremagog
TMDL YTDEQO017.)
The first step in the model development was to develop lardte modelto i @ &R

estimate exchange between lake segmenthloride is used for this purpose
because unlike phosphorus it is a conservative element that is not lost to
sedimentation in the lakeChloride loading to each lake segment was estimat¢d
through tributary monitoring in both Vermont and Quebec argingstatistical
modeling techniques described by VTDEC (20THEe modeling approach
assumed that the exchange flow rates between lake segments are proportional
to the crosssectional areas of the exchange interface between lake segments,
consistent with thdindings fromVTDEL997) The calibration of the exchange

velocity was done by adjusting the lake wide exchange velocity WMs#kcel a A o
solver to achieve a leasguares (minimum Root Mean Square E(RIMSE) fit j Bor
between predicted and observed chlogidoncentrations among the lake

segments.

Figure6. Defined lake segments

Phosphorus loading to the lake was estimated using the Flux 32 software
(Walker 1999usingsampling data from 2005 through 2013 with phosphorus loading estimated from

9



unmonitored potions of the watershed througthe phosphorus watershed export model. This
phosphorus loading estimate along with the calibrated exchange between lake segments and lake
phosphorus concentration measurements from Vermont and Quebec allowed for the calibration of
sedimentation velocity Modeling suggested that a first order sedimentation equation would be most
appropriate for Lake Memphremagog and independent settling velocities were applied to two inflow
segments of South Bay and Fitch Bay while a common settling velocity was cdlforaa# other lake
segments to minimize RSME between modeled and measured phosphorus concentrations for all lake
segments. Modeling of sedimentation rates was done for the years-2002 and validation of this was
applied from years 2002008.With sedirentation rates set for each lake segment the modak used

to estimate inlake concentrations for all lake segmenisth inputs of annual flow and phosphorus load
to each lake segment.

5.1.2 Watershed Model Development

The land use phosphorus export model used in the Lake Memphremagog TMDL was originally
developed by a private consultant, SMi Amenatech Inc., in collaboration with the Quebec Vermont
Technical Committee on Lake Memphremagog and funded by the Memphremagugipalité

régionale decomté (MRC) which is ggional county municipalitin Quebec (Vezin2009). This model
uses literature phosphorus export values to estimate loading for land uses and an estimate of septic
system loading and then included estimated retention in lakes larger than 4 hectares to approximate
phosphorus loss in the watershedhe need for considering lake retention is shown in Table 5 which
shows how much better the model with upland lake retention matches loading from the Clyde River.

Table5. Modeled loading to South Bay and Lake Memphremagog with and without upland lake
retention and as measured at the tributary mouths showing the importance of upland lake retention in
the Clyde River watershed.

Total modeled Load (K§do | Total modeled Load (Kg) with| Measured
Watershed upland lake sedimentation | upland lake sedimentation Load (kg)
Black River 21942 21551 22622
Barton River 22165 19639 18858
South Bay Direct 992 985
Clyde River 13564 6489 6420
Johns River 1537 1537 1316
Main Lake Direct 2963 2963

This model was developed with support fraMDEC and partners in Quebec as part of the technical
committee of the Quebec Vermont Steering Committee on Lake Memphremagog. Land use and septic
loading estimates were generated through several literature sources supported by the technical
committee althowgh a final calibration of the model was never completed to match modeled and
measured loading through this process.

This land use export model was updated by VTDEC using a land use layer for the Lake Memphremagog
basin created by combining land use po®d by theMemphremagodvIRC landcover layer from 2008

for Quebec and the National Agricultural Statistics Service cropland data layer produced by USDA for
Vermont. The cropland data layer is a modified version of the 2011 national land cover datasgt (NLCD
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that has been updated to more accurately break down cropland vs hay or pasture land for agricultural
lands. Roads were theaddedto thisland usdayer along with farmstead ared&ssed on existing

mapping of these landses.Developedands were broken down into impervious and pervious

categories based on the 2011 NLCD impervious surface percentage layer. Loading estimates were then
added from septic systems based on proximity to surface watstieam channel erosion based on an
andysis of channel movement and net volume of sediment export and therefore phosphorus lpading

and measurements of WWTF loading based on WWTF flows and direct effluent phosphorus sampling.

The land use export coefficients were then adjusted using excardoleptimizethe regression

between measured and modeled phosphorus loading across 4 major and 24 minor triwiéthes
constraints placed on the range of reasonable export coefficients. This resulted in R"2 values between
measured and modeled loadirg 0.95 and0.81 for the four major and 24 minor tributaries used in the
calibration respectively indicating a high degree of model performandénally, explicit adjustments

were made for the land use export coefficients, loading rates from streamnegt&rosion andeptic

system loading for the founajor watersheds so loading from the model for these watersheds matched
measured loadingt the tributary mouthsResulting adjustments for the four major tributaries ranged
from reduction in loading fothe Johns River by 14%, a reduction of loading in the Barton river by 4%, a
reduction in loading of just under 1% for the Clyde river, and an increase in loading for the Black river of
nearly 5%. The set up and calibration of this model is described il @ethe modeling documentation

for the Lake Memphremagog TMDL repdfTDEQ017.)

The modeling results were used for three main purposes as part of TMDL development:

1. To quantify annual phosphorus loads from existing {aed and watershed process sources
this information is needed for the establishment of load and wasteload allocations;

2. To support the estimates of phosphorus load reductions potentially achievatdagh
implementationofamix of BMRsl Yy A YL NI Fyd LI NG 2F S@FftdzZ Ay 3
FaadaNF yOSé GKIFG FEt20FGA2ya F2N y2yLRAY(d &2 dz2ND

3. To estimate phosphorus loads from unmonitored drainage areas for input to the lake model

5.1.3 Memphremagod®MP Scenario To(-BMP)

TheMemphremagod@dMP (Best Management Practice) Scenario,Taxd-BMPis a spreadshedbased
modeling tool designed to estimate how much phosphorus reduction could potentially be achieved by
various mixes of BMRs each watershegand is a modified version tiie Lake Champlain Phosphorus
Scenario Todbuilt for the Lake Champlain TMDL (Tetra Tech BP18§ uses land use phosphorus
modelgenerated baseline loading rates for each land use sector together witheifidigncy

information generated through a Lake Champlain SWAT modglerature valuesto estimate the

amount of phosphorus reduction potentially achievable from a wide variety ofssected BMP

scenarios in each lake segment watershed. VTDEE exdensive use dfI-BMPwhen evaluating

whether there was sufficient reasonable assurance that load allocations could and would be met. The
M-BMPalso includes phosphorus loading amounts both at the source (e.g., at a field or parking lot at
the upper er of a large sulwatershed) and at the mouths of the major tributaries to the Lake

referred to as the delivered loads. The delivered loads take into account attenuation or sedimentation
as flow passes through upland lakes on route to Lake Memphremagpédsphorus storage or loss on
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route to the lake) estimated by the phosphorus land use export model. More details on this tool are
included in the TMDL modeling repot TDEQ017).

5.1.4 Evaluation of Modeling Approach

Severabteps were taken to ensure théhe modeling work in support of the TMDL was conducted in
accordance with standard modeling practices, and that modeling uncertainty was within acceptable
ranges for this type of applicatioreps included the establishment of technical workgroups (as
described in Chapter 1) to review and provide input on the modeling approach. These workgroups
included an interna/ TDEC workgroup made up of staff from the Monitoring Assessment and Planning
Program as well and the Lakes and Ponds Program includirgnigltzer who has extensive

background in lake modeling through efforts on the Lake Champlain TMDL. A workgroup of the Quebec
Vermont technical committee met on a number of occasions to provide technical input on the modeling
approach. In addition to thee workgroups, a presentation of the modeling approach was made for the
Memphremagog agricultural workgroup and full Quebec Vermont Steering committee on Lake
Memphremagog and adjustments were made to the model to address comments.

5.2 DeEVELOPMENT ARBPLICADN ORA SPREADSHEEDOLFORT MDLLOADREDUCTION

ANALYSIS
The calibrated idake model Y TDEQ017) was combined into a spreadsheet format (Microsoft Excel®)
with the M-BMPand the land use phosphorus export modslshown in Figuretd facilitate the
analysis of TMDL load reduction policy options and scendrfespreadsheetool was initialized with
phosphorus loading and hydrologic input data for the 22092 base period, aggregated as totals for
each lake segment watershed. The base period phogpghloads were partitioned by country as some
of the Vermont drainage to th&ermont portions of Lake Memphremagizgfrom Quebec from
portions of the Johns River and Halls Creek watersheds in Quebec. The Vermont base period phosphorus
loads were furthempartitioned into the source categories listed in Tableased on delivered load
estimates obtained from the Lake MemphremagogDIMScenario TooVTDEQO017).

Table6. Source categories for Vermont phosphorus loads.

Source categoss included in the wasteload allocation (WLA)
Wastewater discharges
Stormwater from developed lanand paved roads
Stormwater fromdirt roads
Septic systems
Agriculture production areas
Source categories included in the load allocation (LA)
Forest land, wetland and water
Stream channel erosion
Agricultural land
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Figure7. A Schematic for the Memphremagog Spreadsheet Tool for TMDL Load Reduction Analysis
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